Cells rely on multiple intracellular trafficking pathways to capture antigens for proteolysis. The resulting peptides bind to MHC class II molecules to promote CD4 + T cell recognition. Endocytosis enhances the capture of extracellular and cell surface bound antigens for processing and presentation, while autophagy pathways shunt cytoplasmic and nuclear antigens for presentation in the context of MHC class II molecules. Understanding how physiological changes and cellular stress alter antigen trafficking and the repertoire of peptides presented by class II molecules remains challenging, yet important in devising novel approaches to boost immune responses to pathogens and tumors. An abundant, constitutively expressed cytoplasmic chaperone, HSC70 plays a central role in modulating antigen transport within cells to control MHC class II presentation during nutrient stress. HSC70 may serve as a molecular switch to modulate endocytic and autophagy pathways, impacting the source of antigens delivered for MHC class II presentation during cellular stress.
molecules on these APCs. Upon this recognition, CD4 + T cells are activated, secreting cytokines and initiating an immune response.
MHC class II molecules display thousands of peptide ligands on the surface of a cell, yet how this spectrum of peptides is shaped by cell stress or metabolic changes is unclear. Classically MHC class II molecules were thought to only present epitopes derived from membrane and exogenous Ags that are internalized via endocytosis. Yet, epitopes derived from cytoplasmic and nuclear sources are also detected bound to these MHC molecules (Crotzer and Blum, 2008; Zhou et al., 2005) . Peptide elution from MHC class II molecules on the surface of human B cells revealed greater than 85% of peptides were derived from endogenous sources, including peptides derived from cytoplasmic, nuclear and membrane proteins (Chicz et al., 1993) . These studies suggest Ags may be delivered by several pathways to encounter MHC class II molecules including endocytosis, macroautophagy and chaperone-mediated autophagy (CMA) (Crotzer and Blum, 2008) .
HSC70, sometimes referred to as HSC73, is a constitutively expressed cytosolic member of the heat shock protein 70 family. This abundantly expressed protein constitutes approximately 1% of the total protein within a cell. While primarily localized in the cytoplasm, HSC70 has also been reported to be associated with lysosomes, endosomes and exosomes (Stricher et al., 2013) . As a chaperone, HSC70 binds hydrophobic and basic amino acids with a KFERQ-like motif to prevent the unfolding and aggregation of proteins, thereby facilitating numerous cellular processes (Stricher et al., 2013) . Furthermore, studies have implicated this versatile chaperone in several protein trafficking pathways including CMA (Stricher et al., 2013) . Taking into consideration its abundance and involvement in intracellular protein folding and trafficking, it is not surprising that HSC70 has been implicated in immune recognition. Studies from our laboratory have revealed MHC class II presentation of cytoplasmic autoantigens via CMA is dependent on HSC70 (Zhou et al., 2005) . Furthermore, within the lumen of the lysosome, HSC70 protects peptides from degradation by binding and delivery to MHC class II molecules for presentation (Auger et al., 1996) . These studies point to a role for HSC70 in selectively binding Ags or antigenic epitopes, to impact MHC class II molecule function in APCs. Yet, recent work by our laboratory and others suggest HSC70 plays an equally important role in intracellular Ag sorting and responses to cell stress.
Nutrient deprivation and Ag presentation
Malnutrition remains a global problem, affecting 1 in 4 individuals worldwide, adversely affecting the neuroendocrine, cardiac and hematopoietic systems. Although poorly understood, malnutrition severely disrupts host immunity and responses to infection. Studies have shown malnourished children have reduced Ab responses as well as reduced B cell expansion in response to infection (Cripps et al., 2008; Najera et al., 2004) . Amino acid starvation of human B lymphoblasts affects cathepsin activity and MHC class II epitope selection, raising questions as to how severe nutrient stress may impact Ag presentation (Dengjel et al., 2005) . Induction of high affinity, long-lasting humoral immunity is dependent upon interactions between B and T lymphocytes. Taken together these studies suggest that the nutrient status of the host may affect MHC class II Ag presentation.
In response to serum deprivation, B lymphocytes altered cellular autophagy pathways leading to enhanced MHC class II presentation of Ags delivered into autophagosomes. Unexpectedly, under these same conditions, MHC class II presentation of Ags delivered by CMA and conventional clatherin-mediated endocytosis were perturbed (Deffit and Blum, 2015) . These stress-induced differences in MHC class II presentation of Ags via macroautophagy and CMA were most surprising. While the proteolysis of Ags in autophagosomes increased with B cell stress, the proteolysis of Ags which are targeted for degradation by CMA and endocytosis was greatly diminished. Yet, cellular proteasome and acidic cathepsin activity increased several fold with serum nutrient deprivation, suggesting alterations in Ag trafficking, processing and presentation. Perhaps the most dramatic change during nutrient stress was the diminished endocytosis of the B cell receptor (BCR). BCR levels on the cell surface increased while endocytosis and turnover of this receptor dropped significantly in serum deprived B cells. Similar results were observed using human B lymphoblasts and peripheral blood B cells (Deffit and Blum, 2015) . BCR-derived peptides are typically abundant among MHC class II ligands, yet MHC class II presentation of these endogenous ligands was severely diminished with nutrient stress. To understand this rapid shift in MHC class II presentation with nutrient deprivation, we looked for commonalities in the pathways which target Ags for processing and presentation.
Endocytosis and HSC70
Clathrin-mediated endocytosis is the process by which cell surface receptor-ligand complexes are internalized into cells. During clathrin-mediated endocytosis, adaptor proteins, including AP2, associate with membrane signaling molecules at the plasma membrane. These adaptor proteins then associate with clathrin, which forms the main coat directing membrane invagination to give rise to clathrin-coated vesicles containing receptors such as the BCR, mannose receptor, transferrin receptor, and to a lesser extent MHC molecules. More than 60 proteins are involved in clathrin-mediated endocytosis, including HSC70 (Merrifield and Kaksonen, 2014) . HSC70 is involved in chaperoning clathrin, not only to prime vesicle formation but also uncoating clathrin from vesicles as these mature into early endosomes (Jiang et al., 2000) . A requirement for the ATPase activity of HSC70 was established for clathrin-mediated endocytosis (Figure 1) (Stricher et al., 2013 ).
HSC70's role in chaperoning client proteins for proteolytic processing
In conjunction with other cytoplasmic chaperones, HSC70 selectively guides proteins to the proteasome for degradation or alternatively to lysosomes for translocation via CMA. This role of HSC70 in determining client protein fate, appears widely conserved as shown in neural and immune cells. In CMA, HSC70 binds to a pentapeptide (KFERQ-like) motif within proteins, transiting proteins and peptides to the lysosomal membrane (Majeski and Dice, 2004) . Chaperones, such as HSP90 also are required for CMA and MHC class II presentation of Ags via this pathway (Houlihan et al., 2009 ). On the lysosomal membrane a transmembrane protein, LAMP2A, associates with HSC70 and its client protein. Disruption of LAMP2A expression impacts MHC class II presentation of Ags via CMA (Zhou et al., 2005) . During CMA the client protein is unfolded and translocated into the lysosome for degradation (Salvador et al., 2000) . While cytoplasmic HSC70 has been implicated in the targeting of proteins to the lysosome for CMA, lumenal HSC70 may function in ratcheting or pulling proteins across the lysosomal membrane through a pore formed by LAMP2A ( Figure 1) (Cuervo et al., 1995) . HSC70 has also been reported to facilitate microautophagy, a process where the endosomal membrane invaginates to deliver cytoplasmic proteins into these vesicles in dendritic cells (Stricher et al., 2013) . Whether microautophagy contributes epitopes for Ag presentation remains unclear.
Macroautophagy and the capture of protein aggregates via HSC70
During macroautophagy, a crescent shaped membrane is formed in the cytoplasm, which can engulf some organelles, large portions of the cytoplasm, or intracellular pathogens during infection. The autophagosome then matures as it fuses with lysosomes and endosomes in a process which can also deliver nuclear and cytoplasmic Ags to MHC class II molecules (Crotzer and Blum, 2008) . Several protein complexes are required for macroautophagy including Ulk1/2 complex, Beclin complex, ATG12/5 conjugation system and the LC3 conjugation system (Mizushima et al., 2011) . Conjugation of Ags to LC3 can promote their delivery into autophagosomes and presentation by MHC class II molecules (Schmid et al., 2007) . While macroautophagy is generally thought of as a bulk form of degradation, specific targeting of cytoplasmic proteins to autophagosomes in a form of selective autophagy has been demonstrated. The macroautophagy receptor p62 has been implicated in this process as it binds ubquitinated targets and links them to the LC3 protein on autophagosome membranes (Ichimura et al., 2008) . Interestingly, HSC70 is known to associate with protein aggregates, inducing ubiquitination of these substrates and targeting them for recognition by p62 (Arndt et al., 2010) . Furthermore, HSC70 associates with autophagosome membranes (Figure 1) (Kettern et al., 2011) . The mechanism triggering HSC70 binding to autophagosomes remains poorly defined.
Cellular stress and HSC70
Intracellular competition for HSC70 during cell stress has been observed, as induction of macroautophagy by protein aggregates depleted chaperone reserves impairing clathrinmediated endocytosis (Yu et al., 2014) . Furthermore, studies from our laboratory indicate during nutrient stress in B lymphocytes, endocytosis and CMA were impaired while macroautophagy was up-regulated (Deffit and Blum, 2015) . These trafficking pathways may compete for the conserved chaperone HSC70 to impact MHC class II presentation; with upregulation of macroautophagy and proteasome activity at the expense of endocytosis and CMA. To address this question, we examined whether ectopic overexpression of HSC70 in B lymphocytes could overcome the effects of nutrient deprivation on antigen trafficking and presentation. Expression of ectopic HSC70 in B cells restored BCR endocytosis and Ag trafficking as well as MHC class II presentation. These studies suggest under conditions of limiting nutrients, HSC70 may be diverted to promote macroautophagy at the expense of endocytosis and CMA pathways. These studies also reveal a critical role for cellular stress in shifting the repertoire of epitopes captured and presented by MHC class II molecules. HSC70 plays a key role in this process by selectively regulating endocytosis and autophagy during nutritional stress, to impact MHC class II Ag presentation and B-T cell interactions.
Interestingly, in our study cells ectopically expressing HSC70 failed to induce macroautophagy during nutrient deprivation in contrast with parental cells with lower levels of this chaperone (Deffit and Blum, 2015) . While studies have linked HSC70 to autophagosomes and selective autophagy, ours is the first to suggest HSC70 may directly regulate macroautophagy in the absence of protein misfolding or aggregation.
Future Perspectives
Together these studies depict the extensive role of HSC70 in maintaining cellular homeostasis and protein trafficking. As HSC70 regulates several protein trafficking pathways, it is not surprising to find that it plays a vital role in immune recognition including the trafficking of the BCR and Ag presentation. As studies reveal mechanisms that regulate the activity of HSC70, manipulation of specific functions of this protein may become possible, opening the door to development of therapeutics that can regulate immune recognition and disease. For example, whether aggregated antigens captured by macroautophagy are presented by MHC class II molecules remains untested. If so, manipulating cellular HSC70 function could impact this pathway. This pathway could be important in modulating the clearance of protein aggregates to prevent neuroinflammation or autoimmunity. Conversely, modulating HSC70 activity in cells could be exploited to promote improved antigen presentation in the context of infection and malnutrition. While it has been known for decades that protein malnourished individuals have a reduced capacity to mount immune responses and are therefore more susceptible to infection, the exact mechanisms that govern this immune deficiency are still unclear (Scrimshaw et al., 1968) . Multiple mechanisms likely contribute to compromised adaptive immune responses in malnourished individuals (Najera et al., 2004) . For example, zinc deficiency is linked to protein malnourishment and can impair T cell responses, suggesting a role for this micronutrient in regulating host immunity (Fraker and King, 2004) . In B lymphocytes, protein malnourishment directly impacts MHC class II Ag presentation (Deffit and Blum, 2015; Dengjel et al., 2005) . The observed effect of exogenous macronutrient levels on Ag trafficking in B cells offers a previously unrecognized explanation for reduced Ab responses and impaired T cell mediated immunity observed in protein malnourished individuals. Exogenous Ags are internalized via clathrin-mediated endocytosis and delivered to the endosomal/lysosomal network. Endogenous Ags can be delivered by autophagy pathways such as macroautophagy (MA) and chaperone-mediated autophagy (CMA). Once delivered into the endosomal/lysosomal network, acidic proteases within these compartments process the Ag into small peptides. These peptides then bind MHC class II molecules. MHC class II:peptide complexes are shuttled to the surface to be displayed for recognition by CD4 + T cells. HSC70 is required for clathrin-mediated endocytosis, as the ATPase activity of HSC70 is required for coating and uncoating of vesicles. HSC70 is a key component of CMA, binding to client proteins and guiding them to the lysosomal membrane for interactions with LAMP2A. Furthermore, HSC70 in the lumen of the lysosome is required for translocation of these peptides. While association of HSC70 with autophagsome membranes has been detected, the function of this has not been established though it may be related to selective-autophagy. During selective-autophagy, HSC70 and its co-chaperone BAG3 guide client proteins to p62 and LC3, leading to their degradation via MA.
